through which optically excited carriers are transported from one graphene layer to the other. By applying an interlayer bias voltage or varying the excitation photon energy, interlayer carrier transport can be controlled to occur faster or slower than the intralayer scattering events, thus effectively tuning the electron thermalization pathways in graphene.
Our findings, which demonstrate a novel means to probe and directly modulate electron energy transport in nanoscale materials, represent an important step toward designing and implementing novel optoelectronic and energy-harvesting devices with tailored microscopic properties.
Immediately after photoexcitation of an optoelectronic device, energetic electrons scatter with other high-energy and ambient charge carriers to form a thermalized hot electron gas, which further cools by dissipating excess energy to the lattice. Due to the short distance travelled by charge carriers between electron-electron scattering events in solids 16 , equilibration among the electrons occurs on the tens of femtoseconds to picosecond time scales 17, 18 . In graphene, a lowdimensional material with much enhanced Coulomb interaction 19 , electron thermalization is known to occur on extremely fast time scales (<30 fs) 20, 21, 22, 23 , reflecting the extremely short transit length between scattering events. Most analyses of graphene have, therefore, treated its electrons to be instantaneously thermalized 24, 25, 26, 27 , and slightly non-thermal electronic behavior has thus far only been reported in pump-probe experiments with ultrashort (~10 fs) laser pulses and low excitation density 9, 10 . Due to such short time (femtosecond) and length (nanometer) scales, it is challenging to detect and control the thermalization process in graphene, or more generally, in any solid-state systems.
In this letter, we report a novel approach to probe and manipulate the electron thermalization in graphene by introducing a new energy transport channel that competes with the thermalization process. Such an additional dynamical pathway is realized in a vdW heterostructure 28 that consists of a G-BN-G stack (Figure 1a-c) . In this layered structure, the photoexcited electrons in one graphene layer can travel vertically to the other graphene layer through the very thin middle BN layer (blue dashed arrow in Figure 1b ). Given the close proximity of these layers, interlayer charge transport can occur on extremely fast time scales 29 and thus competes directly with the intralayer thermalization process (red arrows in Figure 1b) . In our experiment, we have observed such competing processes by measuring the interlayer photocurrent under different bias and excitation conditions. Remarkably, by adjusting the interlayer bias voltage or varying the excitation photon energy, we can control the interlayer charge transport to occur slower or faster than the intralayer thermalization, thus tuning the thermalization process. Our experiments not only provide valuable insight into the electron dynamics of graphene, but also demonstrate a new means to manipulate electron thermalization in low-dimensional materials.
We fabricated the G-BN-G heterostructure devices on Si/SiO 2 substrates by mechanically co- Figure 1g ). We do not observe any current in the absence of illumination, indicating that optical excitation is necessary to generate a measurable interlayer current in our G-BN-G devices.
Based on recent first-principle calculations 31 , the graphene Dirac point is located at Δ ~ 1.3 eV above the BN valence band edge, and ~ 4.5 eV below the conduction band edge (shown schematically in Figure 1c ), in agreement with dark tunneling measurements 13, 14 . This suggests that, since the potential energy barrier Δ is much smaller for positive charge carriers (holes) than for electrons, the interlayer current is mediated predominantly by holes.
The photocurrent in our G-BN-G devices exhibits complex dependence on excitation laser power We attribute the complex photocurrent behavior to the transition between two distinct processes, thermionic emission and direct carrier tunneling, both of which mediate charge carrier transit through the G-BN-G heterostructure (Figure 2c ). In thermionic emission, the photo-excited carriers remain in the graphene, scatter with one another, and quickly reach thermal equilibrium among themselves. High-energy carriers in the hot tails of the resultant thermal distribution have sufficient energy to overcome the potential energy barrier Δ, and will travel to the other graphene layer 32, 33, 34 . While previous studies 27, 35 have shown that the temperature of hot carriers in graphene scales with laser power approximately as T ~ P 1/3 , the population of thermionically emitted carriers increases exponentially with the temperature for the high BN barrier. We therefore expect an overall superlinear dependence of the photocurrent on the laser power 32 In contrast, at high V b /ħω, the effective BN barrier is reduced, allowing the excited carriers to tunnel from one graphene layer to the other before they scatter with other carriers. Given the energy height and thickness of the BN potential energy barrier, optical excitation is necessary to assist the tunneling process 13, 14 . Photon-assisted tunneling current then scales with the number of initial photo-excited carriers and therefore increases linearly with laser power. This behavior matches well with the observed linear power dependence of photocurrent at high V b /ħω (Regime B in Figure 2b -c).
To confirm that electron thermalization dominates the photocurrent response in the thermionic regime, we performed photocurrent measurements using a Ti:Sapphire femtosecond laser at low V b /ħω. At a photon energy of 1.55 eV, photo-excitation with short pulses (90-fs duration)
produces photocurrent that is orders of magnitude higher than that with a supercontinuum laser (pulse duration ~90 ps) at the same fluence, indicating that shorter pulses produce higher transient electronic temperature. Additionally, we measured the photocurrent under photoexcitation by two identical laser pulses with orthogonal polarization (Methods) and varying temporal separation 27, 35 . We observed strong positive two-pulse correlation in the photocurrent signal, which exhibits a short component (<100 fs) and a long component (~1 ps) (Figure 3 and Methods). These results, consistent with thermionic emission, are similar to the previously reported two-pulse correlation of hot photoluminescence 4 , a phenomenon that arises from hot carriers at the high-energy tail of the thermal distribution in graphene. Moreover, positive correlation in the two-pulse photocurrent measurement immediately excludes direct carrier tunneling with a linear P-dependence as the major photocurrent mechanism at low V b . We thus conclude that the observed photocurrent at low V b /ħω arises from high-energy thermalized carriers in graphene.
In the photon-assisted tunneling regime (high bias voltage and photon energy), electron tunneling is described by the Fowler-Nordheim (FN) formalism. For electrons tunneling through a triangular barrier in the presence of a high electric field, the current-voltage characteristics take the form 36 :
Here m is the carrier effective mass in the barrier region, and the width d is determined by the BN thickness (see Supplementary Information).
The FN model exhibits several features that serve as fingerprints of a non-thermal carrier tunneling process, and can be compared directly with experiment. Equation (1) Furthermore, the fit implies a carrier thermalization time on the order of 10 fs in graphene, which indeed matches excellently the results from other ultrafast experiments 21 .
In the regime for which the thermalization time matches the tunneling time (white-red areas in In conclusion, we have demonstrated that interlayer photocurrent in a G-BN-G heterostructure arises from two competing ultrafast processes, thermionic emission and direct carrier tunneling, which dominate the photocurrent at low and high interlayer bias/photon energy, respectively.
The interplay between these two channels allows us to tune direct carrier tunneling so that it occurs faster or slower than the intralayer electron-electron scattering process in graphene, thus tuning the electron thermalization pathways. With appropriate modeling, we have deduced the The color scale is customized to make the area with γ > 1 (Region A) and γ = 1 ± 0.02 (Region B) appear red-yellow and blue, respectively. The black dashed lines are contours corresponding to tunneling time of 2, 7, 100 and 1000 fs, predicted by our model described in the text. c, Schematics depicting the thermionic emission and the direct carrier tunneling as the dominant photocurrent mechanism for Region A and B in (c), respectively. All measurements were carried out with a supercontinuum laser at T = 100 K. 
